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POLYELECTROLYTE MEMBRANE DESIGN via CLICK CHEMISTRY 
SUMMARY 
The ideal fuel for the efficient operation of fuel cells is H2 , which exists, in high 
quantities in nature as the main constituent of water and organic substances. 
Conventional Polymer Electrolyte Membrane Fuel Cells (PEMFC) using Pt as a 
catalyst suffer irreversible damage of the electrocatalytic activity if CO (even at 
100ppm) is introduced with the fuel gas. Therefore, the fuel processor should be able 
to supply the fuel cell with CO free H2 and so high complexity and instability 
characterize the system.  In addition, overpotential losses in low temperature fuel 
cells are due to the activation overpotential developed on the electrode/ electrolyte 
interface. These losses are essentially related to the electrocatalytic activity of the 
electrodes (both anode and cathode), which either oxidize H2 or methanol or reduce 
O2 . This is a severe limitation for the achievement of high thermodynamic 
efficiency, which for the current state of the art fuel cells lies around 35%. Thus there 
is great room for improvement of the polarization properties of the anode and mainly 
the cathode materials. In order to overcome the aforementioned constraints: (i) new 
more active and cost effective electrode materials which can be tolerant to CO 
poisoning even at CO concentrations 0.5-1% with applications in low temperature 
fuel cells (70- 80°C preferably for mobile applications) and (ii) the use of  new 
generation high temperature cheap polymeric electrolyte membranes which will 
permit the cell operation at temperatures above 150°C will be investigated. This 
latter medium temperature fuel cell is proposed for stationary applications. However 
due to the high operating temperature (above 150°C) it is quite tolerant to CO 
poisoning. 
Apart from the improved electrocatalytic activity of the new electrode materials, they 
are more cost effective compared to the existing expensive Pt based electrodes 
because of both the cheap constituents of the active electrocatalytic phase and their 
ultra stable properties and long lifetime. This results in greater durability and higher 
xx 
 
Electro catalytic activity of the fuel cell. Besides the expected significant 
improvement of the PEM fuel cell performance we expect that the cost of the 
membrane assembly will be significantly reduced since the new membrane is a factor 
of 10 less expensive than state of the art NAFION
®
. Furthermore, such medium 
temperature fuel cells are expected to be more cost efficient than their proposed 
mobile counterparts due to their higher temperature operation and the anticipated 
zero water drag coefficient for the membranes which result in more simplified 
controls. 
In this study, poly (tert-butyacrylate) graft onto two different polymer chain as a 
backbone which are polysulfone and poly (vinylchloride). Graft copolymer has 
characterized with NMR, GPC, DSC and IR instruments, nd the main purpose of this 
study is investigate the ion conductivitiy after hydrolization.  
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KLİK KİMYASI İLE POLİ ELEKTROLİT MEMBRAN TASARIMI 
ÖZET 
Enerji ekonomik kalkınma için insanlığın vazgeçemeyeceği en önemli 
gereksinimlerinden biridir. Fosil enerji kaynaklarının çevre üzerindeki olumsuz 
etkileri ve rezervlerinin sınırlı olmasından dolayı, alternatif enerji kaynakları için 
araştırmalar devam etmektedir. Bu enerji kaynaklarından biri olan hidrojen enerjisi, 
yanma çevrimi olmaksızın elektrik enerjisi elde etmeye yarayan yakıt pillerini ortaya 
çıkarmıştır. Yakıt pilleri temiz, güvenli ve yüksek verimlerde çalışma gibi avantajları 
sebebiyle gelecekte en çok uygulama alanına sahip olabilecek enerji çevrim 
araçlarından birisidir. Düşük çalışma sıcaklığı ve yüksek verim gibi özellikleri ile 
Polimer Elektrolit Membran Yakıt Pilleri (PEM), taşıtlar için uygun bir enerji 
kaynağıdır. Polimer elektrot membran yakıt pilinin ana elemanları, platin-grafit 
çözeltisi ile kaplanmış gözenekli iki elektrot ile bunların arasında hidrojen iyonlarını 
geçiren elektrolittir. Bu elektrot–elektrolit çiftinden oluşan membran elektronları 
geçirmez fakat hidrojeni iyonlarına ayırarak iyon geçişini sağlar. Yakıt, pil içindeki 
membrana pil bünyesindeki gaz kanallarından geçerek ulaşır. hidrojen pilin anot 
tarafında bulunan kanaldan geçerek gözenekli elektrot yüzeyine ulaşır. Hidrojen 
gözenekli elektrot yüzeyinden geçerken platin aktif yüzeyiyle temas etmesi sonucu 
aşağıdaki reaksiyonla bir elektronunu vererek iyon haline dönüşür. 
H2 → 2 H 
+
 + 2 e 
– 
İyon haline dönüşen hidrojen, elektrottan elektrolite geçerek katota ulaşır. Bu sırada 
platin aktif yüzeyinde hidrojenin vermiş olduğu elektronlar , dış devreden katota 
doğru giderken elektriki akım oluştururlar. Pilin katot tarafındaki kanaldan geçerek 
gö zenekli elektrota ulaşan oksijen buradan elektrolit elektrot ara yüzeyine ulaşır. 
Elektrolit -elektrot ara yüzeyinde, dış devreden gelen elektronlarla elektrolitten geçen 
hidrojen iyonları ve oksijen birleşerek aşağıdaki reaksiyonla su oluşturur. 
2e 
-
 + 2H 
+
 + 1/2 O2 → H2O 
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Oluşan su katot tarafındaki kanaldan pili terk eder. PEM yakıt pillerinde elektrolit 
olarak yapısında flor bulunduran sulfonik asit gibi iyon değiştiren asidik membranlar 
kullanılmaktadır. Polimer membranın yakıt pilindeki görevi, protonun anottan katoda 
geçişini sağlamak ve katotta oluşan suyun anota geçmesini engellemektir. Yakıt pi 
linde kullanılan bu membranlar, anot ve katot arasında gaz geçişini engellemeli ve 
yalıtkan olmalıdır. Ayrıca membranlar yüksek kimyasal ve elektrokimyasal kararlılık 
için ince olmalıdırlar. İlk pratik yakıt pili projesi 20. yüzyılda Ralph tarafından 
yapılmıştır. Ralph, yakıt pili maliyetini düşürmek için nikel elektrotlu H2/O2 alkali 
yakıt pili sistemlerini araştırmıştır. Ralph ayrıca gaz difüzyonu için gözenekli 
elektrotlar kullanarak gazlar arasındaki reaksiyon hızını arttırmıştır. Gottesfeld ve 
arkadaşları, taşıtlar için geliştirilmesi düşünülen 80 kW‘lık bir yakıt pili maliyetinin 
1984‘te yaklaşık 33.000 $ olduğunu, ince film teknolojisi ile maliyetin 1991 yılında 
500 $ civarında olduğunu belirtmişlerdir. Aynı çalışmada elektrota yüklenen platin 
miktarının güç yoğunluğuna etkisi de incelenmiştir. Bu incelemede 1984‘de cm2 ‘ye 
1,2 mg platin yüklenmesi ile 0,3 W/cm2  güç elde edilirken, 1992‘de cm2 ‘ye 10 kat 
daha az platin yüklenmesi ile 1 W/cm2  güç elde edildiği ifade edilmiştir. Farklı 
olarak Anand ve arkadaşları tarafından yapılan bir çalışmada , PEM yakıt pilinde saf 
oksijen ile havanın güç yoğunluğu ve gerilime etkisi incelenmiştir. Deneylerde 
kullanılan 0,125 mm kalınlığındaki membran için Dow reçinesi kullanılmış ve cm 2 
‘ye 0,05 mg platin yüklenmiştir. Deneyler 70 oC sıcaklıkta ve atmosferik basınçta 
H2/O2 ve H2/Hava kullanılarak yapılmıştır. H2/O2 ile yapılan deneyde maksimum 
0,61 V gerilim ve 1,45 A/cm
2
  akım yoğunluğu,  H2/Hava ile yapılan deneyde 
maksimum 0,3 V gerilim ve 1,5 A/cm
2
  akım yoğunluğu elde edilmiştir. 
Yapılan bu deneyde klik kimyası ve ATRP tipi reaksiyonlar kullanılarak sentezler 
gerçekleştirilmiştir. ―Klik‖ tipi  reaksiyonlar, özellikle metal katalizli azid/alkin 
―klik‖ reaksiyonu (terminal asetilen ve azidler arasında gerçekleşen Huisgen 1,3-
dipolar siklo katılma reaksiyonunun bir  varyasyonu) veya Diels-Alder (DA), [4 + 2] 
sistemi, (genel olarak bir dien ile  dienolfilin molekül içi veya moleküller arası 
reaksiyonu) bu çaba yolunda önemli bir  katkı sağlamaktadır. 
Bu yaklaşım malzeme bilimi açısından  muazzam bir potansiyel taşımaktadır. ―Klik‖  
kimyasının temel özellikleri; yüksek verim, fonksiyonel gruplara karşı yüksek  
tolerans, basit ürün izolasyonu, yan ürün eksikliği, üstün regio-selektivite ve  
hafif/basit reaksiyon koşullarıdır. ―Klik‖ tipi reaksiyonların hızlı gelişiminden bu  
xxiii 
 
yana, ilgili strateji makromoleküler mühendisliği alanına hızla entegre edilmiş ve  
lineer ile kompleks yapılar arasında değişen polimerlerin sentezinde  yaygın olarak  
kullanılmıştır. 
ATRP çok yönlü kontrollü radikal polimerizasyon metotlarından biridir. Bir ATRP 
sistemi; başlatıcı, metal halojenür, ligand ve monomerden oluşmaktadır. Düşük 
oksidasyon basamağına sahip metal kompleksi (Mt
n
 compleks/Ligand), radikal ve 
daha yüksek oksidasyon basamağına sahip metal kompleksi (X-Mt
n+1
/Ligand) 
üretmek üzere alkil halojenür (R-X) ile reaksiyona girer. Oluşan radikal monomere 
eklenir ve böylece polimer zincirinde büyüme gerçekleşir. Reaksiyonun ilerleme 
aşaması halojenürün koparılması sonucu oluşan serbest radikal üzerinden ilerler. 
Serbest radikal metalden halojenürü tekrar koparır ve aktif olmayan ürün oluşur. Bu 
işlemler oldukça hızlıdır ve reaksiyonda denge aktif olmayan ürün oluşumu 
yönündedir. Aktivasyon ve deaktivasyon hız sabitlerinin oranına bağlı olarak bir süre 
sonra büyüyen zincir yine aktif hale gelir ve büyümeye devam eder. Bu basamaklar 
tekrarlanarak kontrollü zincir büyümesi sağlanmış olur. Sonlanma tamamen 
önlenemez, ancak sonlanan zincirlerin oranı büyüyen zincirlerle karşılaştırıldığında 
sonlanan zincirlerin sayısı oldukça küçüktür. 
ATRP reaksiyonu ortamdaki monomer bitene kadar ya da reaksiyon koşulları 
bozulana kadar devam eden bir yaşayan polimerleşme tekniğidir. İstenilen ağırlıkta 
polimer elde edene kadar reaksiyon devam edebilir ve reaksiyonu durdurmak için 
dışarıdan müdahale gerekmektedir.  
Bu çalışmada, ATRP ile zincir üzerine aşı edilecek olan t-bütil akrilat iki farklı 
başlatıcı kullanılarak sentezlenmiştir. Polisülfon ve poli(vinilklorür) ana zincirlerine 
aşı edilerek bağlanmıştır. Yapılan tüm sentezler FT-IR, 1H NMR, DSC ve GPC 
cihazları kullanılarak analizleri yapılmıştır. Asıl amaçlanan zincire aşı edilmiş t-
butilakrilat polimeri hidroliz edilerek zincirlerin iyon iletkenlikleri analiz edilecektir.   
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1.  INTRODUCTION 
The proton exchange membrane (PEM) fuel cell has attracted a great deal of 
attention as a potential power source for automobile and stationary applications due 
to its low temperature of operation, high power density and high energy conversion 
efficiency.  Besides stationary and automobile applications, the PEM fuel cell is also 
a promising candidate as power supply for future consumer electronics. Great 
progress has been made over the past twenty years in the development of PEM fuel 
cell technology. However, there are still several technical challenges that need to be 
addressed before commercialization of PEM fuel cell.   
Hydrogen is the most attractive fuel for PEM fuel cells, having excellent 
electrochemical reactivity, providing adequate levels of power density, as well as 
having zero emissions characteristics. Nevertheless, distribution and storage 
difficulties currently pose serious challenges to the use of pure hydrogen as a fuel for 
fuel cells. The infrastructure for its widespread distribution does not yet exist. 
Further, being the lightest element, its volumetric energy density is too low even in 
high pressure cylinders.  Supplying liquid fuel such as methanol directly to the anode 
is another fuel choice (i.e., Direct Methanol Fuel Cell).[93] In terms of simplicity and 
cost, the direct liquid fuel presents an attractive alternative to hydrogen fueled 
system. However, the power density of PEM fuel cell fueled directly with liquid fuel  
is too low to be used as power source in  transportation and stationary applications. 
This is due to the sluggish anode kinetics and methanol crossover through the proton 
exchange membrane. Before the problems  associated with using hydrogen or 
methanol  directly as the anode feed are solved, a  practical alternative is to use 
reformate as the anode feed, which is a H2 rich gas obtained  on demand from an on-
board fuel processing system which converts a liquid hydrocarbon  fuel, such as 
methanol or gasoline, into a H2 rich gas.    
However, regardless of which primary fuel and fuel processing system is used, traces 
of CO are present in the output reformate gas stream of a fuel processing system.  
Unfortunately, a CO concentration of 5 –10 ppm in the feed stream, which is still 
much  lower than the CO concentration in the output stream of the most advanced 
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fuel processing system, can poison the state-of-the-art Pt anode catalyst used in the 
PEM fuel cell and limit its performance. 
Hydrocarbon fuels such as coal, oil, and natural gas are widely used as power 
sources. The depletion of hydrocarbon fuels will eventually lead to power shortages 
in most countries, especially in developing countries where storage is not sufﬁcient. 
The disadvantage of these hydrocarbon fuels is their toxic emissions into the 
atmosphere. This has led to an ever-growing need to ﬁnd cleaner and pollution-free 
alternative power sources, which will decrease not only the environmental pollution 
but also the shortage of electrical energy. Fuel cells are one of the most promising 
alternative power sources,with efﬁciencies of up to 60%, higher energy densities 
relative to batteries, and the ability to operate on clean fuels while producing no 
pollutants. They also operate very quietly, reducing noise pollution. 
The only by-product of the proton exchange membrane (PEM) fuel cell is water, thus 
completely eliminating all emissions. Because of these advantages, fuel cells are 
being developed for numerous applications, such as automobiles, portable electronic 
devices, and for mobile and stationary power generation. It is widely known that 
there are still many technical and market-related issues to overcome before fuel cells 
can become commercially viable technology on a large scale. These challenges 
include decreasing the fuel cell cost, choosing the appropriate fuel source and 
infrastructure, and increasing its performance at higher temperatures of about 100 
o
C.  
Research in the area of fuel cells has grown exponentially over thelast 20 years, 
especially in PEM fuel cells. These with high proton conductivity (>0.01 S 
.
 cm
-
1 ) 
and little or no dependence on humidity above 100 
o
C are very desirable, because of 
the beneﬁcial effect of elevated temperatures on electrode kinetics, carbon monoxide 
(CO) tolerance of the electro-catalysts, and the use of lower amount of precious 
platinum (Pt) metals. One of the most commonly used strategies to overcome these 
drawbacks is the modiﬁcation of Naﬁon by using polymer nanocomposite 
technology.  
In this study, because of these advanteges and insufficieny in this area two different 
polymer polysulfone and poly (vinylchloride) investigated as a backbone. 
Polysulfone based membranes has wide oppourtinity in fuel cell membrane 
researches. Because it has good thermal strenght and chemical resistance. On the 
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other hand, PVC is also good thermal,mechanical and chemical advantages and in 
additon it is commodity polymer. PVC is the third-most widely produced plastic, 
after polyethylene and polypropylene and inconstruction because it is cheaper and 
stronger than more traditional alternatives such as copper or ductile iron. 
Poly(tert-butylacrylate) will be used as a pendant group and after click onto those 
backbones it will be hydrolize.Finally, its thermal behaviours and ion conductivity 
are going to investigated.   
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2.  THEORETICAL PART 
2.1 Fuel Cell Membranes 
Due to the growing concerns on the depletion of petroleum based energy resources 
and climate change, fuel cell technologies have received much attention in recent 
years owing to their high efficiencies and low emissions. Fuel cells, which are 
classified according to the electrolyte employed, are electrochemical devices that 
directly convert chemical energy stored in fuels such as hydrogen to electrical 
energy. Its efficiency can reach as high as 60% in electrical energy conversion and 
overall 80% in co-generation of electrical and thermal energies with >90% reduction 
in major pollutants [1]. Five categories of fuel cells have received major efforts of 
research: (1) solid oxide fuel cells (SOFCs), (2) alkaline fuel cells (AFCs),               
(3) phosphoric acid fuel cells (PAFCs), (4) molten carbonate fuel cells (MCFCs), and  
(5) polymer electrolyte membrane (PEM) fuel cells or PEMFCs (also called PEFCs). 
PEM fuel cells are constructed using polymer electrolyte membranes               
(notably NafionR) as proton conductor and Platinum (Pt)-based materials as catalyst. 
The very first fuel cell was invented in 1839 by Sir William Robert Grove (an 
English lawyer turned scientist), though no practical use was found for another 
century [2]. General Electric Company (GE) began developing fuel cells in the 1950s 
and was awarded the contract for the Gemini space mission in 1962. The 1 kW 
Gemini fuel cell system had a platinum loading of 35 mg Pt/cm2 and performance of 
37 mA/cm2 at 0.78 V [3]. In the 1960s improvements were made by incorporating 
Teflon in the catalyst layer directly adjacent to the electrolyte, as was done with GE 
fuel cell at the time. 
Considerable improvements were made from the early 1970s onward with the 
adoption of the fully fluorinated NafionR membrane. However, research and 
development in PEMFCs did not receive much attention and funding from the 
federal government, in particular the US Department of Energy (DOE), and industry 
until a couple of decades ago or so when breakthrough methods for reducing the 
amount of platinum required for PEMFCs were developed and subsequently 
improved by Los Alamos National Laboratory (LANL) and others. Notably, 
Raistrick of LANL came up with a catalyst-ink technique for fabricating the 
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electrodes [5]. This breakthrough method made it possible to increase the utilization 
of active catalyst and at the same time to reduce the amount of precious platinum 
metal needed. Though many technical and associated fundamental breakthroughs 
have been achieved during the last couple of decades, many challenges such as 
reducing cost and improving durability while maintaining performance remain prior 
to the commercialization of PEM fuel cells.  
2.1.1 Solid State (SOFCs) 
Solid oxide fuel cells (SOFCs, Figure 2.1) use a hard, non-porous ceramic compound 
as the electrolyte. Because the electrolyte is a solid, the cells do not have to be 
constructed in the plate-like configuration typical of other fuel cell types. SOFCs are 
expected to be around 50%–60% efficient at converting fuel to electricity. In 
applications designed to capture and utilize the system's waste heat (co-generation), 
overall fuel use efficiencies could top 80%–85%. 
Solid oxide fuel cells operate at very high temperatures around 1,000°C (1,830°F). 
High-temperature operation removes the need for precious-metal catalyst, thereby 
reducing cost. It also allows SOFCs to reform fuels internally, which enables the use 
of a variety of fuels and reduces the cost associated with adding a reformer to the 
system. 
SOFCs are also the most sulfur-resistant fuel cell type; they can tolerate several 
orders of magnitude more of sulfur than other cell types. In addition, they are not 
poisoned by carbon monoxide (CO), which can even be used as fuel. This 
property allows SOFCs to use gases made from coal. 
High-temperature operation has disadvantages. It results in a slow startup and 
requires significant thermal shielding to retain heat and protect personnel, which may 
be acceptable for utility applications but not for transportation and small portable 
applications. The high operating temperatures also place stringent durability 
requirements on materials. The development of low-cost materials with high 
durability at cell operating temperatures is the key technical challenge facing this 
technology. 
Scientists are currently exploring the potential for developing lower-temperature 
SOFCs operating at or below 800°C that have fewer durability problems and cost 
7 
less. Lower-temperature SOFCs produce less electrical power, however, and stack 
materials that will function in this lower temperature range have not been identified 
[6]. 
 
Figure 2.1: Schematic of a SOFC fuel cell. 
 
2.1.2 Alkaline Fuel Cells (AFCs) 
Alkaline fuel cells (AFCs, Figure 2.2) were one of the first fuel cell technologies 
developed, and they were the first type widely used in the U.S. space program to 
produce electrical energy and water on-board spacecrafts. These fuel cells use a 
solution of potassium hydroxide in water as the electrolyte and can use a variety of 
non-precious metals as a catalyst at the anode and cathode. High-temperature AFCs 
operate at temperatures between 100°C and 250°C (212°F and 482°F). However, 
newer AFC designs operate at lower temperatures of roughly 23°C to 70°C (74°F to 
158°F) 
AFCs' high performance is due to the rate at which chemical reactions take place in 
the cell. They have also demonstrated efficiencies near 60% in space applications. 
The disadvantage of this fuel cell type is that it is easily poisoned by carbon dioxide 
(CO2). In fact, even the small amount of CO2 in the air can affect this cell's 
operation, making it necessary to purify both the hydrogen and oxygen used in the 
cell. This purification process is costly. Susceptibility to poisoning also affects the 
cell's lifetime (the amount of time before it must be replaced), further adding to cost. 
Cost is less of a factor for remote locations, such as space or under the sea. However, 
to effectively compete in most mainstream commercial markets, these fuel cells will 
have to become more cost-effective. AFC stacks have been shown to maintain 
sufficiently stable operation for more than 8,000 operating hours. To be 
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economically viable in large-scale utility applications, these fuel cells need to reach 
operating times exceeding 40,000 hours, something that has not yet been achieved 
due to material durability issues. This obstacle is possibly the most significant in 
commercializing this fuel cell technology [7]. 
 
Figure 2.2: Schematic of a AFCs fuel cell. 
2.1.3  Phosphoric Acid Fuel Cells (PAFCs) 
Phosphoric acid fuel cells use liquid phosphoric acid as an electrolyte the acid is 
contained in a Teflon-bonded silicon carbide matrix and porous carbon electrodes 
containing a platinum catalyst. The chemical reactions that take place in the cell are 
shown in the diagram to the right. 
The phosphoric acid fuel cell (PAFC, Figure 2.3) is considered the "first generation" 
of modern fuel cells. It is one of the most mature cell types and the first to be used 
commercially. This type of fuel cell is typically used for stationary power generation, 
but some PAFCs have been used to power large vehicles such as city buses. 
PAFCs are more tolerant of impurities in fossil fuels that have been reformed into 
hydrogen than PEM cells, which are easily "poisoned" by carbon monoxide because 
carbon monoxide binds to the platinum catalyst at the anode, decreasing the fuel 
cell's efficiency. They are 85% efficient when used for the co-generation of 
electricity and heat but less efficient at generating electricity alone (37%–42%). This 
is only slightly more efficient than combustion-based power plants, which typically 
operate at 33%–35% efficiency. PAFCs are also less powerful than other fuel cells, 
given the same weight and volume. As a result, these fuel cells are typically large 
and heavy. PAFCs are also expensive. Like PEM fuel cells, PAFCs require an 
expensive platinum catalyst, which raises the cost of the fuel cell [8]. 
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Figure 2.3: Schematic of a PAFCs fuel cell. 
2.1.4 Molten Carbonate Fuel Cells (MCFCs) 
Molten carbonate fuel cells (MCFCs, Figure 2.4) are currently being developed for 
natural gas and coal-based power plants for electrical utility, industrial, and military 
applications. MCFCs are high-temperature fuel cells that use an electrolyte 
composed of a molten carbonate salt mixture suspended in a porous, chemically inert 
ceramic lithium aluminum oxide (LiAlO2) matrix. Because they operate at extremely 
high temperatures of 650°C (roughly 1,200°F) and above, non-precious metals can 
be used as catalysts at the anode and cathode, reducing costs. 
Improved efficiency is another reason MCFCs offer significant cost reductions over 
phosphoric acid fuel cells (PAFCs). Molten carbonate fuel cells, when coupled with 
a turbine, can reach efficiencies approaching 65%, considerably higher than the 
37%–42% efficiencies of a phosphoric acid fuel cell plant. When the waste heat is 
captured and used, overall fuel efficiencies can be as high as 85%. 
Unlike alkaline, phosphoric acid, and polymer electrolyte membrane fuel cells, 
MCFCs do not require an external reformer to convert more energy-dense fuels to 
hydrogen. Due to the high temperatures at which MCFCs operate, these fuels are 
converted to hydrogen within the fuel cell itself by a process called internal 
reforming, which also reduces cost. 
Molten carbonate fuel cells are not prone to carbon monoxide or carbon dioxide 
"poisoning" they can even use carbon oxides as fuel—making them more attractive 
for fueling with gases made from coal. Because they are more resistant to impurities 
than other fuel cell types, scientists believe that they could even be capable of 
internal reforming of coal, assuming they can be made resistant to impurities such as 
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sulfur and particulates that result from converting coal, a dirtier fossil fuel source 
than many others, into hydrogen. 
The primary disadvantage of current MCFC technology is durability. The high 
temperatures at which these cells operate and the corrosive electrolyte used 
accelerate component breakdown and corrosion, decreasing cell life. Scientists are 
currently exploring corrosion-resistant materials for components as well as fuel cell 
designs that increase cell life without decreasing performance [9]. 
 
Figure 2.4: Schematic of a PAFCs fuel cell. 
 
 2.1.5 Polymer Electrolyte Membrane (PEM) 
In general membrane is the core component of the PEM fuel cell. Fig. 2.5 shows a 
schematic of a PEM fuel cell[10] 
. 
 
 
 
Figure 2.5: Schematic of a PEM fuel cell. 
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Triple roles of the polymeric membrane in the PEM fuel cells are as follows: charge 
carrier for protons, to separate of the reactant gases, and electronic insulator for not 
passing of electrons through the membrane (due to have a negative charge from SO3
-
 
and electron repelling). In 1970s, DuPont developed a perfluorosulfonic acid called 
―Nafion®‖ that not only showed a two-fold increase in the specific conductivity of 
the membrane but also extended the lifetime by four orders of magnitude (104-105 
h). This soon became a standard for PEMFC and remains so till today. The Dow 
Chemical Company and Asahi Chemical Company synthesized advanced 
perfluorosulfonic acid membranes with shorter side chains and a higher ratio of 
SO3H to CF2 groups [11]. This Nafion membrane, has a structure of copolymer from 
flouoro 3,6-dioxo 4,6-octane sulfonic acid with polytetra-fluorethylene (PTFE) that 
Teflon backbone of this structure gives the hydrophobic nature for membrane and 
hydrophilic sulfonic acid groups (HSO3
-
) have been grafted chemically into 
backbone. These ionic groups have caused the absorption of the large amount of 
water by polymer and therefore, lead to hydration of polymer. Thus, the factors 
affecting the performance of the suitable proton exchange membrane are the level of 
hydration and thickness of the membrane which is playing an important role in 
deciding their suitability for application in fuel cell [12]. The proton exchange 
membrane performance related to the extent of its proton conductivity and the proton 
conductivity also related to the extent of the humidity of the membrane. Higher 
proton conductivity achieve by the higher extent of the humidity. One of the ways to 
avoid water drag or water crossover is to reduce the membrane thickness thereby 
enabling an improvement in the fuel cell performance. Other advantages of reduced 
thickness include lower membrane resistance (and therefore an enhancement in 
membrane conductivity), lower cost and rapid hydration. However, there is a limit to 
the extent to which membrane thickness can be reduced because of difficulties with 
durability and fuel by-pass. To achieve high efficiency in fuel cell applications, the 
polymer electrolyte as membrane must possess the following desirable properties: 
high proton conductivity to support high currents with minimal resistive losses, zero 
electronic conductivity, adequate mechanical strength and stability, chemical and 
electrochemical stability under operating conditions, moisture control in stack, 
extremely low fuel or oxygen by-pass to maximize columbic efficiency and 
production costs compatible with intended application [13]. Figure 2.6 shows the 
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chemical structures of Nafion® and other famous perfluorinated electrolyte 
membranes [14]. 
 
Figure 2.6: Chemical structures of perflourinated polymer electrolyte                         
membranes. 
 
2.1.5.1 Proton Conduction Mechanisms in Proton Exchange Membranes 
Proton conduction is fundamental for proton exchange membrane fuel cells and is 
usually the first characteristic considered when evaluating membranes for potential 
fuel cell use. Resistive loss is proportional to the ionic resistance of the membrane 
and high conductivity is essential for the required performance especially at high 
current density. At a molecular level, the proton transport in hydrated polymeric 
matrices is in general described on the basis of either of the two principal 
mechanisms: (1) ―proton hopping‖ or ―Grotthus mechanism‖ and ―diffusion 
mechanism‖ which water is as vehicle or ―vehicular mechanism‖ [15-17]. 
In proton hopping mechanism (Figure 2.7) protons hop from one hydrolyzed 
ionic site (SO3
-
 H3O
+
) to another across the  
 
 
Figure 2.7: The simple scheme of the hopping mechanism. 
membrane. The produced proton by oxidation of hydrogen in anode adheres to water 
molecule than the provisional hydronium ion is formed and one different proton from 
same hydronium ion hops on the other water molecule. In this mechanism, ionic 
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clusters were swelled in presence of water and formed the percolation mechanism for 
proton transferring. The simple scheme of the hopping mechanism has been shown in 
Figure 2.7 [18]. The hopping mechanism has little contribution to conductivity of 
perflourinated sulfonic acid membranes such as Nafion.  
 The second mechanism is a vehicular mechanism. In this mechanism 
hydrated proton (H3O
+
) diffuses through the aqueous medium in response to the 
electrochemical difference. In vehicular mechanism, the water connected protons 
(H
+
(H2O)x) in the result of the electroosmotic drag carry the one or more molecules 
of water through the membrane and itself are transferred with them. The major 
function of the formation of the vehicular mechanism is the existence of the free 
volumes within polymeric chains in proton exchange membrane which allow the 
transferring of the hydrated protons through the membrane. The schematic design of 
the vehicular mechanism in proton conduction in pristine and nanocomposite 
membranes has been shown in the Figure 2.8 (a,b) [15,19]. Water also has two 
suggested transport mechanisms: electroosmotic drag and concentration gradient 
driven diffusion (this probably occurs as selfassociated clusters: (H2O)y). The 
hydrophobic nature of Teflon backbone facilitates the water transfer through the 
membrane because the surfaces of the hydrophobic holes tend to repel the water 
molecules [18].  
 
Figure 2.8: The Schematic design of the Vehicular Mechanism as proton conduction 
                                          in (a) pristine membranes and (b) polymer / nano-particle composite  
membranes. 
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The prevalence of one or the other mechanism depends on the hydration level of the 
membrane. On the other hand, the mechanism of proton transport within 
nanocomposite and hybrid systems based on the aforementioned membranes is a 
much more complex process as it involves both the surface and chemical properties 
of the inorganic and organic phases. Although the exact role of inorganic 
components in stabilizing the proton transport properties of nanocomposites based on 
Nafion and other polymers is still under discussion, it may be presumed that the 
primary function of the nanoparticles is to stabilize the polymer morphology with 
increasing temperature. If the inorganic additive happens to be an alternative proton 
transporter like heteropolyacids, their contribution to the transport processes has also 
to be analyzed. Proton conductivity improvements would, however, depend upon 
whether the fraction of bulk water and the bulk proton concentrations are increased 
as a result of the inorganic additives or not. 
2.2 LIVING POLYMERIZATIONS 
Well-defined polymers, with molecular weight, structural and compositional 
homogeneity, can only be synthesized by living ionic polymerizations or C/LRP 
methods. The way to living polymerization was opened in 1955 when the seminal 
work of Szwarc proved that anionic polymerization of poly(styrene) (PS) had truly 
living character using sodium naphthanelenide initiating system in tetrahydrofuran 
(THF) [20, 21]. In this study, Szwarc suggested that the initiation occurs via electron 
transfer from the sodium naphthalenide radical anion to styrene (St) monomer. A 
new species, a styryl radical anion, forms upon addition of an electron from the 
sodium naphthalenide undergoes rapid dimerization yielding dimeric-dicarbanion, 
which starts the propagation of St as depicted in Figure 2.9.  
 
 
 
 
 
 
 
 
 
Figure 2.9: Propagation of Styrene. 
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A living polymerization is defined as a chain polymerization without chain transfer 
and chain termination as indicated by Szwarc. These chain breaking processes were 
avoided with the development of special high vacuum techniques to minimize traces 
(<1 ppm) of moisture and air in the anionic polymerization of non-polar vinyl 
monomers [21, 22]. The techniques were first implemented in an academic setting 
but were quickly adapted on an industrial scale, which ultimately led to the mass 
production of several commercial products, most notably well-defined block 
copolymers capable of performing as thermoplastic elastomers [23]. The synthesis of 
such copolymers by living anionic polymerization demands fast initiation and 
relatively slow propagation in order that the distribution of block lengths be 
controlled. These requirements can be achieved with the use of alkyl lithium 
initiators in non-polar solvents via the formation of ion pairs or their aggregates. 
The ion pairs can essentially be considered dormant species as they have reactivities 
several orders of magnitude smaller than those of free ions [24]. Exchange processes 
between dormant and active species are fast enough in comparison with propagation 
to ensure the production of materials with low polydispersity [25]. Anionic 
polymerization was the first and only example of a living process for more than a 
decade after its realization, but other living techniques have since been discovered. In 
1974, two types of active species were observed with spectroscopic techniques in the 
cationic ring-opening polymerization (CROP) of THF initiated by triflate esters [26- 
29]. The activities and exchange dynamics among free ions, ion pairs, aggregates and 
significantly less active esters were quantitatively measured for growing oxonium 
cations and the ‗‗dormant‘‘ esters. Living CROP was subsequently extended to other 
heterocyclic monomers and eventually enabled the synthesis of many well-defined 
(co)polymers [30, 31].  
 The possibility of a living cationic vinyl polymerization was once considered highly 
improbable due to dominating transfer processes and bimodal molecular weight 
distributions (MWD) typically were observed for many systems [32]. However, it 
was later realized that since the reactivities of carbocations are much higher than 
those of carbanions, the exchange reactions were too slow relative to propagation to 
achieve narrow MWD and controlled molecular weight [33]. The discovery of 
several techniques enabling fast exchange between growing carbocations and 
dormant species (esters or onium ions) enabled the development of controlled/living 
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carbocationic polymerization [34, 35]. Moreover, the first report of a, what was 
called, ‗‗nearly perfect cationic living polymerization‘‘ was presented by Sawamoto 
and co-workers who described the polymerization of isobutyl vinyl ether (IBVE) 
with an equimolar mixture of HI and I2 in n-hexane at -15 
o
C (Figure 2.10). The 
increase of Mn of the polymers was proportional with the monomer conversion and 
inversely proportional to the HI concentration with a molecular weight distribution 
remaining nearly monodisperse throughout the reaction [36].  
 
 
Figure 2.10: Polymerization of isobutyl vinyl ether. 
Undoubtedly, the ionic polymerizations have met several requirements of living 
polymerization in order to obtain well-defined polymers with controlled chain end 
functionalities and with well-defined polymer architectures. However, these 
polymerizations have to be carried out with nearly complete exlusion of moisture and 
often at low temperatures. Morover only a limited number of monomers can be used, 
and the presence of functionalities in the monomers can cause undesirable side 
reactions.  
2.2.1 Controlled/Living Polymerizations 
The discovery of living anionic polymerization by Michael Szwarc had a tremendous 
effect on polymer science. He simplified major developments in both synthetic 
polymer chemistry and polymer physic of well-defined polymers. The synthesis of 
such copolymers by living CLP polymerization demands fast initiation and relatively 
slow propagation in order that the distribution of block lengths be controlled [37]. 
Radical polymerization is a commercially widely used method. The commercial 
extensity of RP can be attached to the large range of monomer selection, their easy 
copolymerization, the ready reaction conditions (generally room temperature to 100 
°C, ambient pressure), and easy purification of monomers and solvents. Radical 
polymerization is not affected by water or protic impurities and can be carried out in 
bulk, solution, aqueous suspension, emulsion and dispersion. The range of monomers 
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is large for radical polymerization than because radicals are tolerant to many 
functionalities like acidic, hydroxy, and amino groups [38]. 
Nevertheless, radical polymerization has some limitations comparing to controlled 
radical polymerization. For a polymerization to be considered ‗living‘, the 
contribution of chain breaking reactions such as termination and transfer should be 
negligible. While transfer is not a major issue in RP when the appropriate conditions 
are applied, termination is much less avoidable and is a major limitation of RP. To 
form high molecular weight (MW) polymers, the relative probability of termination 
must be minimized. In RP, a steady concentration of radicals is established by 
balancing the rate of termination with that of initiation. The rate of propagation is 
much faster than the rate of initiation/termination. Therefore, chains are continuously 
produced and it is not possible to prepare copolymers with controlled architecture in 
conventional RP. Thus, it has not been possible to prepare well-defined copolymers 
via conventional RP.  
The most important achievement of the controlled/living polymerization methods is 
the synthesis of tailor-made block copolymers with specific macromolecular 
architecture, chemical composition, functionality, and low molecular polydispersity.  
The most straightforward method for the preparation of linear di- and tri-block 
copolymers is by the CLP of monomer A followed by the polymerization of 
monomer B. After consumption of monomer B, the chains are terminated by some 
external agent. 
Commonly in all CLP systems, there are two types of dynamic equilibrium between 
propagating radicals and various dormant species [39]. Radicals may be reversibly 
trapped in a deactivation/activation process, or they can be involved in a 
degenerative exchange process. Good control over MW, polydispersity, and chain 
architecture in all CLP systems requires very fast exchange between active and 
dormant species. A growing radical should react with only a few monomer units 
before it is converted back into a dormant species. Finally, it would remain active 
only for a few milliseconds and would return to the dormant state for a few seconds.  
Thus, the lifetime in the active state can be comparable to the lifetime of a 
propagating chain in conventional RP. However, because the whole propagation 
process in CRP may take about hours or days, the opportunity exists to carry out 
various synthetic procedures, such as functionalization or chain extension [40]. 
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As RP and CRP proceed via the same radical mechanism, they exhibit similar 
chemical, regional, and stereoselectivities and can polymerize a similar range of 
monomers. If RP and CRP are carried out with the same rate of monomer and 
initiator, the absolute amounts of terminated chains are similar, because 
concentrations of radicals are similar. However, in RP essentially all chains are dead 
but in CRP dead chains form only a small fraction because of a large amount of 
dormant species. After all, several important differences between CRP and RP exist 
and are summarized in Table 2.1; 
Table 2.1: Differences between RP and CRP. 
  RP CRP 
The lifetime of growing 
chains 
~1 second >1 hours 
Steady state radical 
concentration 
Established with similar 
rates of initiation and 
termination 
Balancing with the rates of 
activation and deactivation 
   Initiation Slow Fast 
Rate of dead chains >90 % <10 % 
Polymerization Fast Slow 
Termination Between long chains Controlled termination 
Chain end functionality Unavailable Available 
Molecular weight 
distribution 
Broad Narrow 
 
2.2.2 Atom transfer radical polymerization (ATRP) 
Metal-catalyzed C/LRP, mediated by Cu, Ru, Ni, and Fe metal complexes, is one of 
the most efficient methods to produce polymers in the field of C/LRP [41]. Among 
aforementioned systems, copper-catalyzed LRP in conjunction with organic halide 
initiator and amine ligand, often called atom transfer radical polymerization (ATRP), 
received more interest. The name atom transfer radical polymerization comes from 
the atom transfer step, which is the key elementary reaction responsible for the 
uniform growth of the polymeric chains. ATRP, which is the most versatile method 
of the controlled radical polymerization system, uses a wide variety of monomers, 
catalysts, solvents, and reaction temperature. ATRP was developed by designing a 
proper catalyst (transition metal compound and ligands), using an initiator with an 
19 
appropriate structure, and adjusting the polymerization conditions, such that the 
molecular weights increased linearly with conversion and the polydispersities were 
typical of a living process [42]. This allowed for an unprecedented control over the 
chain topology (star, graf, branched), the composition (block, gradient, alternating, 
statistical), and the end functionality for a large range of radically polymerizable 
monomers [43-45]. Figure 2.11 represents the general mechanism of ATRP. 
 
Figure 2.11: General mechanism of ATRP. 
The radicals, i.e., the propagating species Pn
*
, are generated through a reversible 
redox process catalyzed by a transition metal complex (activator, Mt
n
 –Y / ligand, 
where Y may be another ligand or a counterion) which undergoes a one-electron 
oxidation with concomitant abstraction of a (pseudo)halogen atom, X, from a 
dormant species, Pn–X. Radicals react reversibly with the oxidized metal complexes, 
X–Mt
n+1
 / ligand, the deactivator, to reform the dormant species and the activator. 
These processes are rapid, and the dynamic equilibrium that is established favors the 
dormant species. By this way, all chains can begin growth at the same time, and the 
concentration of the free radicals is quite low, resulting in reduced amount of 
irreversible radical-radical termination. Also chain growth occurs with a rate constant 
of activation, kact, and deactivation kdeact, respectively. Polymer chains grow by the 
addition of the free radicals to monomers in a manner similar to a conventional 
radical polymerization, with the rate constant of propagation, kp. Termination 
reactions (kt) also occur in ATRP, mainly through radical coupling and 
disproportionation; however, in a well-controlled ATRP, no more than a few percent 
of the polymer chains undergo termination. Elementary reactions consisting of 
initiation, propagation, and termination are illustrated below (Figure 2.12) [46]. 
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Figure 2.12: Illustration of initiation,propagation and termination steps of ATRP. 
Other side reactions may additionally limit the achievable molecular weights. 
Typically, no more than 5% of the total growing polymer chains terminate during the 
initial, short, nonstationary stage of the polymerization. This process generates 
oxidized metal complexes, the deactivators, which behave as persistent radicals to 
reduce the stationary concentration of growing radicals and thereby minimize the 
contribution of termination at later stages [47]. A successful ATRP will have not 
only small contribution of terminated chains but also uniform growth of all the 
chains; this is accomplished through fast initiation and rapid reversible deactivation. 
The rates of polymerization and polydispersity in ATRP, assuming steady-state 
kinetics, are given in Figure .2.13, respectively [42, 48, 49].  
 
Figure 2.13: The rates of polymerization and polydispersity in ATRP, steady-state  
                      kinetics. 
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From fig. 2.13, the rate of polymerization, Rp, is directly proportional to the 
equilibrium constant, Keq, and the propagation rate constant. The proper selection of 
the reaction components of an ATRP process led to establishment of an appropriate 
equilibrium between activation and deactivation processes. The equilibrium constant 
(Keq = kact/kdeact) plays an important role in the fate of ATRP because it determines 
the concentration of radicals and, therefore, the rates of polymerization and 
termination. Keq must be low to maintain a low stationary concentration of radicals; 
thus, the termination reaction is suppressed. For the ATRP system, the rate of 
polymerization, Rp, is first order with respect to the monomer [M] and the activator 
[Mt
n
] concentrations and increases with the concentrations of activator, monomer, 
and initiator [R-X] and decreases with the increasing deactivator [Mt
n+1
] 
concentration. Fig. 2.13 shows that lower polydispersities are obtained at higher 
conversion, higher kdeact relative to kp, higher concentration of deactivator, and higher 
monomer to initiator ratio, [M]0/[I]0.  
As a multicomponent system, ATRP includes the monomer, an initiator with a 
transferable (pseudo)halogen, and a catalyst (composed of a transition metal species 
with any suitable ligand). Both activating and deactivating components of the 
catalytic system must be simultaneously present. Sometimes an additive is used. 
Basic components of ATRP, namely, monomers, initiators, catalysts, ligands, and 
solvents are discussed as follows:  
Monomers 
A variety of monomers have been successfully polymerized using ATRP: styrenes, 
(meth)acrylates, (meth)acrylamides, dienes, and acrylonitrile, which contain 
substituents that can stabilize the propagating radicals [45]. Each monomer has its 
own equilibrium constant, Keq, which determined the polymerization rate in ATRP 
according to Equation 3.1. In fact, all vinyl monomers are susceptible to ATRP 
except for a few exceptions. Notable exceptions are unprotected acids (e.g. 
(meth)acrylic acid). Some other monomers may be difficult to polymerize since they 
exhibit side reactions, which may be affected by the choice of reaction conditions, 
nature of the catalyst, etc. An example of such a monomer is 4-vinyl pyridine (4-VP), 
which can undergo quaternization by the (alkyl halide) initiator [50]. The most 
common monomers in the order of their decreasing ATRP reactivity are 
methacrylates, acrylonitrile, styrenes, acrylates, (meth)acrylamides [51].  
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Initiators 
Organic halides having a labile carbon-halogen bond are the most successfully 
employed initiators in ATRP. In general, these organic halides possess electron 
withdrawing groups and/or atoms such as carbonyl, aryl, cyano, or halogens at α- 
carbon to stabilize the generated free radicals. The common way to initiate is via the 
reaction of an activated (alkyl) halide with the transition-metal complex in its lower 
oxidation state. To obtain well-defined polymers with narrow molecular weight 
distributions, the halide atom, X, should rapidly and selectively migrate between the 
growing chain and the transition metal complex. Thus far, when X is either bromine 
or chlorine, the molecular weight control is best. Iodine works well for acrylate 
polymerizations in copper-mediated ATRP and has been found to lead to controlled 
polymerization of St in ruthenium and ruthenium-based ATRP [53-55]. The carbon– 
fluorine bond strength is too strong for the fast activation–deactivation cycle with 
atom transfer. To obtain similar reactivity of the carbon-halogen bond in the initiator 
and the dormant polymer end, the structure of the alkyl group, R, of the initiator 
should be similar to the structure of the dormant polymer end. Typical examples 
would be the use of ethyl 2-bromoisobutyrate and a Cu(I) complex for the initiation 
of a methacrylate polymerization [56], or 1-phenylethyl chloride for the initiation of 
a styrene polymerization [52]. In addition, Percec and co-workers reported the use of 
sulfonyl chlorides as universal initiators in ATRP [57]. Also the use of di-, tri-, or 
multifunctional initiators is possible, which will result in polymers growing in two, 
three, or more directions. Besides, some pseudohalogens, specifically thiocyanates 
and thiocarbamates, have been used successfully in the polymerization of acrylates 
[58]. 
The alternative way to initiate ATRP is via a conventional free-radical initiator, 
which is used in conjunction with a transition-metal complex in its higher oxidation 
state. Typically one would use AIBN in conjunction with a Cu(II) complex. Upon 
formation of the primary radicals and/or their adducts with a monomer unit, the 
Cu(II) complex very efficiently transfers a halogen to this newly formed chain. In 
doing so the copper complex is reduced, and the active chain is deactivated. This 
alternative way of initiation was termed ―reverse ATRP‖ [59]. 
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Catalysts  
Another important component of ATRP is the catalyst. It is the key to ATRP since it 
determines the position of the atom transfer equilibrium and the dynamics of 
exchange between the dormant and active species. There are several prerequisites for 
an efficient transition metal catalyst. First, the catalyst should react with initiator fast 
and quantitatively to ensure that all the polymer chains start to add monomer at the 
same time. Second, the catalyst must have moderate redox potential to ensure an 
appropriate equilibrium between dormant and active species. In general, a low redox 
potential of the catalyst leads to formation of the high Cu(II) concentration 
(equilibrium is shifted toward transient radicals). Consequently, a fast and 
uncontrolled polymerization is observed. In contrast, high redox potential strongly 
suppresses Cu(II) formation (equilibrium is shifted toward dormant species) via a 
halogen atom abstraction process leading to very slow polymerization. Third, the 
catalyst should be less sterically hindered, because excessive steric hindrance around 
the metal center of catalyst results in a reduction of the catalyst activity. Fourth, a 
good catalyst should not afford side reactions such as Hoffman elimination, β-H 
abstraction, and oxidation/reduction of radicals [60].  
A variety of transition metal complexes with various ligands have been studied as 
ATRP catalysts. The majority of work on ATRP has been conducted using copper as 
the transition metal. Apart from copper-based complexes, iron [61], nickel [61], 
rhenium [54], ruthenium [62], rhodium[63, 64], and palladium [65] have been used 
to some extent. Recent work from Sawamoto and co-workers shows that the Ru-
based complexes can compete with the Cu-based systems on many fronts. A specific 
Febased catalyst has also been reported to polymerize vinyl acetate via an ATRP 
mechanism [66].  
Ligands  
The main roles of the ligand in ATRP is to solubilize the transition metal salt in the 
organic media and to adjust the redox potential and halogenophilicity of the metal 
center forming a complex with an appropriate reactivity and dynamics for the atom 
transfer. The ligand should complex strongly with the transition metal, should also 
allow expansion of the coordination sphere, and should allow selective atom transfer 
without promoting other reactions. The most common ligands for ATRP systems are 
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substituted bipyridines, alkyl pyridylmethanimines and multidentate aliphatic tertiary 
amines such as N,N,N′,N″,N″ pentamethyldiethylenetriamine (PMDETA), and 
tris[2-(dimethylamino)ethyl]amine (Me6-TREN) [52,67]. In addition to those 
commercial products, it has been demonstrated that hexamethyltriethylene tetramine 
(HMTETA) provides better solubility of the copper complexes in organic media and 
entirely homogeneous reaction conditions [68]. Since copper complexes of this new 
ligand are almost insoluble in water, ATRP technique can be employed in preparing 
poly(acrylate esters) in aqueous suspensions [69].  
Solvents  
ATRP can be carried out either in bulk, in solution, or in a heterogeneous system 
(e.g., emulsion, suspension). Common solvents, including nonpolar (toluene, xylene, 
benzene), polar aprotic (diphenyl ether, dimetoxy benzene, anisole, N,N- 
dimethylformamide, ethylene carbonate, acetonitrile), and polar protic (alcohols, 
water), are employed not only for solubilizing the monomers, the produced 
polymers, and the catalyst, but also to achieve the controlled polymerization 
condition. A solvent is sometimes necessary, especially when the polymer is 
insoluble in its monomer (e.g., polyacrylonitrile). ATRP has also been successfully 
carried out under heterogeneous conditions in (mini)emulsion, suspension, or 
dispersion. Several factors affect the solvent choice. Chain transfer to solvent should 
be minimal. In addition, potential interactions between solvent and the catalytic 
system should be considered. Catalyst poisoning by the solvent (e.g., carboxylic 
acids or phosphine in copper-based ATRP) [70] and solvent-assisted side reactions, 
such as elimination of HX from polystyryl halides, which is more pronounced in a 
polar solvent [71], should be minimized. 
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2.3 CLICK CHEMISTRY 
―Click chemistry‖ is a chemical term introduced by Sharpless in 2001 [72] and 
describes chemistry tailored to generate substances quickly and reliably by joining 
small units together. Click chemistry can be summarized only one sentence: 
Molecules that are easy to make. Sharpless also introduced some criteria in order to 
fullfill the requirements as reactions that: are modular, wide in scope, high yielding, 
create only inoffensive by-products, are stereospecific, simple to perform and that 
require benign or easily removed solvent. Nowadays there are several processes have 
been identified under this term in order to meet these criterias such as nucleophilic 
ring opening reactions; non-aldol carbonyl chemistry; thiol additions to carbon– 
carbon multiple bonds (thiol-ene and thiol-yne); and cycloaddition reactions. Among 
these selected reactions, copper(I)-catalyzed azide-alkyne (CuAAC) and Diels-Alder 
(DA) cycloaddition reactions and thiol-ene reactions have gained much interest 
among the chemists not only the synthetic ones but also the polymer chemists. From 
this point view, copper(I)-catalyzed azide-alkyne reactions will shortly be 
summarized.  
2.3.1 Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) 
There is a large class of reactions known as 1,3-dipolar cycloaddition reactions (1,3- 
DPCA) that are analogous to the Diels-Alder reaction in that they are concerted 
[4π+2π] cycloadditions [73,74]. 1,3-DPCA reactions can be represented as shown in 
the following diagram. The entity a-b-c is called the 1,3-dipole and d-e is the 
dipolarophile (Figure. 2.14).  
 
Figure 2.14: 1,3-dipolar cycloaddition reactions. 
The 1,3-dipoles have a π-electron system consisting of two filled and one empty 
orbital and are analogous with the allyl or propargyl anion. Each 1,3-dipole has at 
least one charge-separated resonance structure with opposite charges in a 1,3- 
relationship. It is this structural feature that leads to the name 1,3-dipole for this class 
of reactants. The dipolarophiles are typically substituted alkenes or alkynes but all 
that is essential is a π bond, and other multiply bonded functional groups such as 
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carbonyl, imine, azo, and nitroso can also act as dipolarophiles. The reactivity of 
dipolarophiles depends both on the substituents present on the π bond and on the 
nature of the 1,3-dipole involved in the reaction. Owing to the wide range of 
structures that can serve either as a 1,3-dipole or as a dipolarophile, the 1,3-DPCA is 
a very useful reaction for the construction of five-membered heterocyclic rings. At 
this point, a particular interest must be given to Ralf Huisgen for his pionering works 
on this field (Huisgen 1,3-DPCA) [75]. In his studies, various five-membered 
heterocyclic rings such as triazole, triazoline, isoxazole, 4-isoxazoline etc. were 
described. The triazole ring, formed via Huisgen 1,3-DPCA reaction between an 
azide an alkyne have gained much interest due to its chemically inert character e. g. 
oxidation, reduction and hydrolysis. The reason behind this fact lies in the inert 
character of the two components (azide and alkyne) to biological and organic 
conditions. Elevated temperatures and long reaction times are important 
requirements for the triazole formation as stated by Huisgen. Good regioselectivity in 
the uncatalyzed Huisgen type cycloaddition is observed for coupling reactions 
involving highly electron-deficient terminal alkynes, but reactions with other alkynes 
usually afford mixtures of the 1,4- and 1,5-regioisomers (Figure 2.15) [76]. 
 
Figure 2.15: Regioselectivity of mixtures of the 1,4- and 1,5-regioisomers. 
Thus, only following the recent discovery of the advantages of Cu(I)-catalyzed 
alkyne–azide coupling, reported independently by the Sharpless [77] and Meldal [78] 
groups, did the main benefits of this cycloaddition become clear. Cu(I) catalysis 
dramatically improves regioselectivity to afford the 1,4-regioisomer exclusively 
(Figure.2.16) and increases the reaction rate up to 10
7
 times,[79] eliminating the need 
for elevated temperatures. This high-yielding reaction tolerates a variety of 
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functional groups and affords the 1,2,3-triazole product with minimal work-up and 
purification,[77,78] an ideal click reaction. Although the thermal dipolar 
cycloaddition of azides and alkynes occurs through a concerted mechanism, density 
functional theory calculations on monomeric copper acetylide complexes indicate 
that the concerted mechanism is strongly disfavored relative to a stepwise 
mechanism. Although one can imagine, for example, direct, concerted cycloaddition 
of a copper–acetylene π complex with the appropriate azide, the calculated activation 
barrier for this process exceeds that of the uncatalyzed process, and the lowest barrier 
found for any concerted process is 23.7 kcal/ mol,[80] too high to be responsible for 
significant rate effect of Cu(I) catalysis. Stepwise cycloaddition catalyzed by a 
monomeric Cu(I) species lowers the activation barrier relative to the uncatalyzed 
process by as much as 11 kcal/mol, which is sufficient to explain the incredible rate 
enhancement observed under Cu(I) catalysis.  
 
Figure 2.16: Illustration of Cu(I) catalysis dramatically improves regioselectivity to 
                     afford the 1,4-regioisomer. 
In fact, the discovery of Cu(I) efficiently and regiospecifically unites terminal 
alkynes and azides, providing 1,4-disubstituted 1,2,3-triazoles under mild conditions, 
was of great importance. On the other hand, Fokin and Sharpless proved that only 
1,5-disubstituted 1,2,3-triazole was obtained from terminal alkynes when the catalyst 
switched from Cu(I) to ruthenium(II) [81]. In their experiments, one point has to be 
stressed, all reactions require higher temperatures (benzene reflux or dioxane at 60 
o
C) with respect to Cu(I) catalyst systems, performed at room temperature (Figure. 
2.17).  
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Figure 2.17: 1,5-disubstituted 1,2,3-triazole was obtained when Ru used as catalyst. 
2.4 GRAFT COPOLYMERS 
Graft copolymers consist of a main polymer chain, the backbone, with one or more 
side chains attached to it through covalent bonds, the branches. Graft copolymers are 
comb-shaped polymers where the chemical nature of the backbone and the branches 
differs. The chemical nature and composition of the backbone and the branches differ 
in most cases. Branches are usually distributed randomly along the backbone, 
although recently advances in synthetic methods allowed the synthesis of better 
defined structures [82,83]. Randomly branched graft copolymers can be prepared by 
three general synthetic methods:, the ―grafting from‖, ―grafting through‖ or 
macromonomer and the the ―grafting onto‖.  
2.4.1“Grafting from” method 
The ―grafting from‖ method incorporates active sites along the backbone from which 
polymerization can be initiated. Polymerization from these initiating sites results in 
the formation of polymeric grafts to afford the graft copolymer (Figure 2.18). 
 
Figure 2.18: Synthesis of graft copolymers by ―grafting-from‖ method. 
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The ―grafting from‖ approach has been extensively used in the synthesis of 
welldefined macromolecular grafts and brushes. For instance, PI-g-PS and PBd-g-PS 
(Figure 2.19) well-defined copolymers were synthesized several years ago 
employing anionic polymerization [84, 85]. 
 
 
 
Figure 2.19: Illustration of synthesize of PI-g-PS via anionic polymerization. 
 
2.4.2 “Grafting through” method 
 
In the ―grafting through‖ strategy, preformed macromonomers are polymerized to 
produce the graft copolymer (Figure 2.20). The macromonomers are typically 
polymeric or oligomeric chains with a polymerizable end group; thus, the grafts are 
composed of the macromonomer chain segment, and the backbone is formed in situ. 
The grafting through strategy has been used to synthesize graft copolymers using a 
variety of controlled polymerization methods. 
 
 
 
 
Figure 2.20: Synthesis of graft copolymers by ―grafting-through method. 
 
PS macromonomer formation by anionic polymerization has been described in 
several cases [86]. In one of them [87] St was polymerized by s-BuLi, and once the 
monomer has been consumed completely, a slight excess of ethylene oxide was 
added. The oxirane end-capped living polymer was then reacted with methacryloyl 
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chloride to give a PS macromonomer with a methacrylate type polymerizable end 
unit. This macromonomer was used, after complete removal of protonic impurities, 
in subsequent anionic copolymerization with MMA to give the corresponding 
PMMA-g-PS copolymers (Figure 2.21).  
 
 
 
Figure 2.21: Illustration of synthesize of PMMA-g-PS via anionic polymerization. 
2.4.3“Grafting onto” method 
In the ―grafting onto‖ method the backbone and the arms are prepared separately by 
a living polymerization mechanism. The backbone possessing functional groups 
distributed along the chain that can react with the living branches. Upon mixing the 
backbone and the branches under the appropriate experimental conditions, a coupling 
reaction takes place resulting in the final graft copolymers (Figure 2.22).  
 
 
Figure 2.22: Synthesis of graft copolymers by ―grafting-onto‖ method. 
 
By means of an anionic polymerization mechanism, the molecular weight, molecular 
weight polydispersity, and the chemical composition of the backbone and branches 
can be controlled. For instance, Ruckenstein and Zhang [88] reported that the anionic 
copolymerization of 4-(vinylphenyl)-1-butene with St in toluene/THF at -40 °C 
afforded well-defined polymers, since under these experimental conditions the 
vinylic double bond was selectively polymerized. The copolymers were subjected to 
hydrosilylation for the introduction of Si-Cl groups at the olefinic double bonds. 
These groups were used as grafting sites for the linking of PSLi, PILi, and PMMALi 
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living chains in order to synthesize PS-g-PS, PS-g-PI, and PS-g-PMMA copolymers 
with well-defined molecular characteristics (Figure 2.23). 
 
 
 
 
Figure 2.23: Synthesize PS-g-PS, PS-g-PI, and PS-g-PMMA copolymers with  
                           linking groups 
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3.  EXPERIMENTAL PART 
3.1 Chemicals 
Polysulfone (Psf) was donated by Solvay Advanced Polymers and used as received. 
Poly(vinyl chloride) was purchased from Akay Plastik San. Tic. A.Ş. N,N,N',N'',N''-
Pentamethyldiethylenetriamine (PMDETA, 99 %), Crown ether (18-Crown-6), 
Paraformaldhyde (95%), chlorotrimethylsilane ((CH3)3SiCl) were purchased from 
Merck.  Copper (I) bromide (CuBr, 98%) , tert-butyl acrylate (t-BA 99%) and  
2-bromoisobutyrylbromide (98%) were purchased from Acros Organics Co. 
Tetrahydrofuran (THF 99.9%), N,N-dimethylformamide (DMF, 99.8 %) and 
ethylacetate (analitical grade) were purchased from Labkim. Propargyl alcohol (99.5 
%), Tin(IV) chloride (SnCl4), trifluoroacetic acid and sodium azide (> 99.5 %) were 
purchased from Sigma–Aldrich. Sodium hydride (NaH 60% in oil) and Ethyl-2-
bromopropionate (EBrPr, 98%) were purchased from ABCR. Dichloromethane 
(DCM, HPLC grade) and hegzane (technical purity), chloroform (99.5 %) was 
purchased from Carlo Erba. MeOH (technical purity) and diethyl ether was 
purchased from Honeywell. Triethyl amine (Et3N, 98%) was purchased from J.T. 
Baker. 
3.2 Synthesis of PSf-g-PAA 
3.2.1 Synthesis of Chloromethylated Polysulfone 
PSf was chloromethylated following procedures similar to those described by Avram 
and coworkers [89]. In a typical reaction, 33.6 mmol (14.88 g) of Psf were dissolved 
in 750 ml of chloroform in a stirred round bottom flask. Next, 336 mmol (10 g) of 
paraformaldehyde, 3.36 mmol (0.39 ml) of SnCl4, and 336 mmol (42.5 ml) of 
(CH3)3SiCl were added to Psf solution. Then, the round bottom flask was attached to 
a reflux condenser and placed in a heated bath. After three days at desired reaction 
temperature (30-60 
o
C), the reaction mixture was precipated in methanol and 
polymers were isolated by filtration. The polymer was subsequently dissolved in 
chloroform and reprecipitated in methanol, then filtered and dried under vacuum 
overnight. 
 
34 
3.2.2 Modification of Chloromethylated Polysulfone 
First, THF was refluxed with sodium hydride and the the distilled prior to use. Then, 
1 g of PSf-Cl (0.97 mmol eq.), 0.512 g of Crown ether (1.94 mmol) and 0.0322 g of 
potassium iodide (1.94 mmol) were dissolved in 20 ml of tetrahydrofuran in round 
bottom flask at desired temperature (70 
o
C), and the flask purged with nitrogen 
during 15 minutes while stirring. Meanwhile, 2.91 mmol NaH was dissolved in 20 
ml of THF in another flask and it was closed with rubber septa and was purged with 
nitrogen. After 10 minutes, 0.28 ml propargyl alcohol (2.91 mmol ) was added to the 
flask drop by drop in nitrogen atmosphere. After 20 minutes, this mixture was added 
to the stirred round bottom flask with syringe under nitrogen atmosphere. After 
overnight, the reaction mixture was precipitated in methanol and the polymer was 
isolated by filtration. The polymer (Psf-alkyne) was subsequently dissolved in 
dichloromethane and reprecipitated in methanol two times, then filtered and dried 
under vacuum overnight [90]. 
3.2.3 Synthesis of Poly(tert-butylacrylate) (PtBA) via ATRP 
In order to synthesize PtBA (Mn: 1500 g/mol) ATRP procedure was performed as 
follows; CuBr (2.87 mmol 0.412 g) as catalyst was placed in a 48 ml side armed 
flask. Flask deoxygenated with vacuum-nitrogen cycles. Then, 10 ml of THF, TBA 
(34 mmol, 5 ml) as a monomer, PMDETA (2.87 mmol, 0.6 ml) as a ligand and 
EBrPr (2.87 mmol, 0.372 ml) as an initiator, which are bubbled for 20 minutes, were 
added to flask in oil bath at desired temperature (65 
o
C) with syringe under nitrogen 
atmosphere, respectively. After 6 hours, the reaction mixture was passed through 
alumina column to remove catalyst from mixture and the polymer was precipitated in 
methanol and redissolved in dichloromethane and reprecipated two times in 
methanol. Then, filtered and dried under vacuum overnight. 
3.2.4 Azidation of PtBA 
4.11 g of PtBA-Br (27.4 mmol,) was dissolved in 20 ml of DMF in round bottom 
flask. Then, 0.356 g of sodium azide (54.8 mmol) was added to the flask. After 
stirring for 24 hours at 65 
o
C under nitrogen atmosphere, the reaction mixture 
concentrated and precipated in methanol/water mixture (v/v: 4/1). Then the product 
dried under vacuum. 
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3.2.5 Synthesis of Psf-g-PtBA 
In a typical reaction, modified 0.2 g ofPsf-alkyne (0.452 mmol eq.) and PtBA-N3 
were dissolved in 20 ml of DMF in a round bottom flask. Meanwile, 0.058 g of CuBr 
(0.404 mmol) as a catalyst was placed in a 100 ml reactor, and the reactor was 
deoxygenated via vacuum-nitrogen cycles. Then, the reaction mixture and 0.085 ml 
of PMDETA (0.404 mmol) as a ligand, which have already bubbled with nitrogen, 
were added to the reactor with syringe under inert atmosphere. After 24 hours at 
desired temperature (65 
o
C), the reaction was stopped and mixture was concentrated, 
then precipated in methanol. Obtained graft copolymer (Psf-g-PtBA) redissolved in 
DCM and reprecipitated in methanol three times. Then filtered and dried under 
vacuum overnight [91]. 
3.2.6 Synthesis of Psf-g-PAA 
Grafted copolymer, 0.836 g of Psf-g-PtBA (0.027 mmol eq.) was dissolved in 20 ml 
of THF in a round bottom flask. While copolymer was dissolving, heater set to 50 
o
C 
and flask placed into oil bath. Then, 0.600 ml of TFA  was added into solution. After 
24 hours, reaction was stopped, the solvent evaporated, and the hydrolyzed product 
exracted with DCM/water 3 times. Finally, it was dried under vacuum overnight. 
3.3 Synthesis of PVC-g-PtBA 
3.3.1 Synthesis of Prop-2-ynyl-2-bromo-isobutyrate 
4 ml of Propargyl alcohol (68.7 mmol) and 21 ml of triethyl amine (151.1 mmol) 
were dissolved in 50 ml of DCM (HPLC grade) in round bottom flask. Meanwhile, 
9.34 ml of2-bromoisobutrylbromide (75.57 mmol) in 40 ml of DCM at 0 
o
C.  Then, 
this solution was added into propargyl alcohol and triethyl amine mixture by 
dropping funnel drop by drop. Then, the reaction mixture was stirred 3 days at room 
temperature and the formed salt was removed by filtration. The filtrated mixture was 
extracted with saturated NaHCO3 and dried with Na2SO4. The mixture pass through 
silica column with ethyl acetate: hegzan (v/v: 1/10) and the colorless propargyl-2-
bromoisobutyrate was obtained by evaporated at 65 
o
C [92].  
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3.3.2 Synthesis of α-Alkyne Functionalized PtBA via ATRP 
Due to synthesize PtBA (Mn: 1500 g/mol) ATRP procedure was performed as 
follows; 0.412 g of CuBr (2.87 mmol) as catalyst was placed in a 48 ml side armed 
flask. Flask deoxygenated with vacuum-nitrogen cycles. Then, 5 ml of tBA (34 
mmol) as a monomer, PMDETA (2.87 mmol 0.6 ml) as a ligand and –propargyl-2-
bromo-isobutyrate (2.87 mmol 0. 440ml) as an initiator and 5 ml of THF, which are 
bubbled for 20 minutes, were added to flask in oil bath at desired temperature (65 
o
C) 
with syringe under nitrogen atmosphere, respectively. After 6 hours, the reaction was 
passed through alumina column to remove the catalyst from solution and the mixture 
was precipitated in methanol and it was redissolved in dichloromethane and was 
reprecipated in methanol two times. Then, filtered and dried under vacuum 
overnight. 
3.3.3 Azidation of PVC (PVC-N3) 
1 g of PVC (4.8 mmol) was dissolved in 40 ml of DMF in round bottom flask. 0.312 
g of sodium azide (4.8 mmol) was added to the solution. After stirring for 24 hours at 
65 
o
C under nitrogen atmosphere, the reaction mixture was concentrated and 
precipated in methanol/water mixture (v/v: 4/1). Then the filtered product dried 
under vacuum. 
3.3.4 PVC-g-PtBA 
In a typical reaction, 0.031 g of PVC-N3 (0.00037 mmol) and α-alkyne 
functionalized-PtBA (0.074mmol) were dissolved in 20 ml of DMF in a round 
bottom flask. Meanwile, 0.064 g of CuBr (0.446 mmol) as a catalyst was placed in a 
100 ml reactorand the reactor was deoxygenated via vacuum-nitrogen cycles. Then, 
the reaction mixture and 0.090 ml of PMDETA (0.446 mmol)as a ligand,  which 
have already bubbled with nitrogen, were added to the reactor with syringe under 
inert atmosphere. After 24 hours at desired temperature (65 
o
C), the  reaction was 
stopped and the solution was concentrated, then precipated in methanol and polymer 
redissolved in DCM and reprecipitated in methanol three times. Then filtered and 
dried under vacuum overnight. 
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3.4 Characterization Methods 
3.4.1 Infrared spectrofotometer (FT-IR) 
FT-IR spectra were recorded on a Thermo Nicolet 6700 FT-IR spectrometer. 
3.4.2 Gel permeation chromatography (GPC) 
The number average molecular weights (Mn) and polydispersity index (PDI) of 
synthesized polymers were measured by a gel permeation chromatography (GPC) 
system consistent an Agilent 1200 series pump, three Waters Styragel HR columns 
(guard, 3, 4) and an Agilent 1100 series RI detector with a THF flow rate of 1 
mL.min
-1 
(Figure 3.1). Poly(methyl methacrylate) or polystyrene calibration 
standards were used to follow polymerization. 
 
Figure 3.1: Gel permeation chromatography. 
3.4.3 Nuclear magnetic resonance spectroscopy (NMR) 
To calculate composition of graft copolymer, the polymer was solved in deuterated 
chloroform (CDCl3) and the 
1
H NMR spectra were measured on a Bruker AC250 and 
AC500 NMR spectrometer with the internal reference TMS in Figure 3.2. 
 
Figure 3.2 : Agilent VNMRS500 NMR insturment. 
38 
3.4.4 Differential scanning calorimetry (DSC, TA Q1000) 
Differential scanning calorimetry (DSC) measurements were done to find out glass 
transition temperatures (Tg) using TA instruments Q1000 series (Figure 3.3). To 
avoid the influence of the thermal history, thermograms were evaluated from the first 
heating run in a range of 0 to 200 °C with 10 °C.min-1 ramp rate. Cooling ramp is not 
specified and equilibrate command was used. Then, the thermograms were evaluated 
from the second heating run in range of 0 to 270 
o
C with 10 
o
C.min
-1
 ramp rate . All 
tests were carried out under 50 ml.min
-1
 rate of nitrogen purge. All Tg measurement 
were investigated on TA Universal Analysis software by the inflection of change in 
the endothermic direction of the heating ramp.  
 
Figure 3.3: Differential Scanning Calorimetry (Q1000). 
3.4.5 Thermogravimetric Analysis (TGA, TA Q50) 
Thermogravimetric analysis (TGA as shown in Figure 3.4) is an analytical technique 
used to determine a material‘s  thermal stability and its fraction of volatile 
components by monitoring the weight change that  occurs as a specimen is heated. 
The measurement is normally carried out in air or in an inert  atmosphere, such as 
Helium or Argon, and the weight is recorded as a function of increasing  
temperature. Sometimes, the measurement is performed in a lean oxygen atmosphere 
(1 to 5%  O2 in N2 or He) to slow down oxidation.  In addition to weight changes, 
some instruments also  record the temperature difference between the specimen and 
one or more reference pans  (differential thermal analysis, or DTA) or the heat flow 
into the specimen pan compared to that of  the reference pan (differential scanning 
calorimetry, or DSC).  The latter can be used to monitor  the energy released or 
absorbed via chemical reactions during the heating process. In the  particular case of 
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carbon nanotubes, the weight change in an air atmosphere is typically a  
superposition of the weight loss due to oxidation of carbon into gaseous carbon 
dioxide and the  weight gain due to oxidation of residual metal catalyst into solid 
oxides.  
 
Figure 3.4: Thermo Gravimetric Analysis. 
3.4.6 Electrochemical impedance spectroscopy (EIS) 
Electrochemical impedance spectroscopic (Figure 3.5) measurements were 
conducted at room temperature (25 
o
C) using the conventional three electrode cell 
conﬁguration. The electrochemical cell was connected to a potentiostat (Parstat 
2263-1), which interfaced to a computer. An electrochemical impedance software 
(Powersine) was used to carry out impedance measurements by scanning in the 10 -
100 kHz frequency range with applied AC signal amplitude of 10 mV. The 
impedance spectra were analyzed using AC impedance data analysis software 
(ZSimpWin V3.10). 
 
Figure 3.5 General diagram of electrochemical impedance spectroscopy. 
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4.  RESULTS AND DISCUSSION 
4.1 Polysulfone and Poly(vinyl chloride) Based Graft Copolymers 
In this study, poly(tert-butylacrylate) was synthesized via ATRP and graft to PVC 
and PSf backbones. 30 % repeating unit of PVC, Cl atoms replaced with sodium 
azide and 60 % repeating unit of  PSf-Cl, Cl atoms modified with propargyl alcohol. 
Both grafted polymers synthesized by click chemistry.  
4.2 Polysulfone Based Graft Copolymer 
4.2.1 Chlorometylation of Polysulfone 
General scheme of synthesis of chloromethylated polysulfone was illustrated in 
Figure 4.1. 
O S
O
O
O
O S
O
O
O
CH2Cl
O S
O
O
O
0.6 0.4
SnCl4, Cl(CH3)3Si, ParaformaldhydeChloroform, 50 
oC  3 days
 
Figure 4.1: Synthesis of chloromethylated Polysulfone. 
After purifying the chloromethylated PSf (PSf-CH2Cl), 
1
H NMR was used to 
determine the percent of chloromethylation per PSf repeat unit and demonstrated in 
Figure 4.2. 
 
 
 
 
 
Figure 4.2: 
1
H NMR spectrum of PSf-CH2Cl. 
c 
c 
a 
b 
b b 
b 
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The chloromethylation of PSf was confirmed by the presence of the proton peak (a) 
at 4.56 ppm in the 
1
H NMR spectrum. The peak at 8.0 ppm (b), which presents the 
four meta protons on the phenyl ring closest to the sulfonyl group, was chosen as the 
reference peak. The areas under these two peaks used to determine the degree of 
substitution, and the calculation the ratio between a and b proton is shows that 60% 
percent polysulfone was chlorinated. 
4.2.2 Modification of Polysulfone 
The scheme of synthesis route of alkyne-modified polysulfone is shown in Figure 
4.3. 
O S
O
O
O O S
O
O
O
0.6 0.4
O S
O
O
O
CH2Cl
O S
O
O
O
0.6 0.4
O
18-crown ether-6, KI, NaH, Propargyl alcoholTHF, 60 oC
 
Figure 4.3: Alkyne -modification of Polysulfone. 
The alkyne modification of  PSf was confirmed by the presence of PSf–CH2-O- 
proton peaks (a) at 4.5 ppm, alkyne-CH2-O- protons peak (b) at 4.05 ppm and 
propargyl proton peak (c) at 2.3 ppm in Figure 4.4,respectively (). As can be seen in 
the spectrum the areas under these three peaks of a:b:c are 1:1:2, respectively, which 
clearly can be seen that the modification (alkyne functionality) was completed. 
 
Figure 4.4: 
1
H NMR spectrum of modified PSf.  
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Comparision of thermal behavior show that chain movements has changed with 
acetyl pendant groups as it shown in figure 4.5. While Tg value of PSF is 189.59 
o
C,Tg value of alkyne-modified PSF is shifted 142.23 
o
C. DSC and NMR results 
show that mofication has occurred. 
 
Figure 4.5: DSC result of PSf and alkyne-modified PSf. 
4.2.3 Synthesis of Poly(tert-butylacrylate) (PtBA) via ATRP 
Synthesis of PtBA via ATRP demonstrated in Figure 4.6. 
                                                   
O
O
Br
O
O
CuBr, PMDETATHF, 60 oC, 6h
 
Figure 4.6: Synthesis of PtBA. 
As seen Figure 4.7 and Table 4.1, the polyme was obtained with low PDI and its 
molecular weight found relative to PS standarts 1.980 g/mol. 
+ 
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Figure 4.7: GPC result of PtBA. 
 
Table 4.1 : GPC result of PtBA 
 
Sample Mn (g/mole) PDI 
PtBA 1,980 1.11 
In Figure 4.8, the molecular weight and DPn of polymer is calculated using integrated 
ratio of the a+b protons peak to the rest of protons peak in 
1
H NMR and found as 
1840 g/mol  and14, respectively. 
 
Figure 4.8: 
1 
H NMR result of PtBA. 
As seen in Figure 4.9, DSC thermogram is shown that glass transition temperature 
(Tg) of PtBA is 48.11 
o
C.  
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Figure 4.9: DSC thermogram of PtBA. 
4.2.4 Azidation of PtBA 
  Figure 4.10 is illustrated that azidation reaction of PtBA.          
O
O
Br
O
O
O
O
N3
O
O
NaN3
DMF,65 oC
 
Figure 4.10: Azidation of PtBA. 
1
H NMR results in Figure 4.11 is shown that not all Br groups were reacted with 
NaN3 because of integrated ratios of -CH-N3 proton (b) and O-CH2- protons (a)are 
not equal. It can be calculated that around 50% percent of Br groups is substituted 
with azide group. As seen in figure 4.12 at 2113 cm
-1
 specific  azide peak was 
appeared.  
 
Figure 4.12: FT-IR result of PtBA-N3. 
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 Figure 4.11: 
1
H NMR spectrum of PtBA-N3. 
 
4.2.5 Synthesis of  PSf-g-PtBA 
Figure 4.13 is demonstrated that click reaction of alkyne functioanlized PSf with 
PtBA-N3. The disapperance of both the acetylene and azide peaks in 
1
H NMR 
(Figure 4.14) and azide peaks in FT-IR spectrum (Figure 4.15) are shown that the 
click reaction occurred and graft copolymer was obtained. 
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O
O
CH2
O
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O
O
O
CH2Cl
O S
O
O
O
CH2
O
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N
N
N
O
O
O
O
O S
O
O
O
CH2Cl
PtBA-N3, CuBr,PMDETADMF,65 
oC, overnight
 
 
Figure 4.13: Synthesis of PSf-g-PtBA. 
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Figure 4.14: 
1
H NMR result of PSf-g-PtBA. 
 
 
 
 
Figure 4.15: Overlay FT-IR graph of  PSf-g-PtBA: PtBA-N3: Modified  PSf. 
 
In figure 4.16 and Table 4.2 are shown that molecular weight is increased after click 
reaction, and also peak shifted to high molecular weight region can be seen clearly. 
So, it is shown that click reaction has successfully occurred. 
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Figure 4.16: Overlay GPC graphs of  PSf-g-PtBA, PtBA, alkyne-modified  PSf. 
 
 Table 4.2: Mn and PDI value of the samples. 
Sample Mn (g/mol) PDI 
 PSf-Cl 9274 1.89 
PtBA 1,980 1.11 
 PSf-g-PtBA 21,068 1.45 
 
In addition, the glass transition temperature of graft copolymers, ( PSf-g-PtBA)is 
shifted to 161.90 
o
C (shown in figure 4.17 as) although Tg value is 187.39 
o
C for PSf 
and is 48.11 
o
C for PtBA. The composition of graft copolymers were calculated 
using Fox equation and the pendantgroup ratio was found as 35 %. 
 
 
Figure 4.17: Overlay DSC graph of  PSf-g-PtBA and PSf. 
 
 
49 
4.2.6 Synthesis of PSf-g-PAA 
 
PSf-g-PAA was obtained by hydrolyzing of t-butyl group in PSf-g-PtBA using TFA. 
FT-IR overlay is shows that hydrolizing was succesfully achived  (Figure 4.18). 
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Figure 4.18: Synthesis of PSf-g-PAA. 
 
As seen in Figure 4.19, PSf-g-PAA copolymer‘s degredation is started at around 
221.74 
o
C. After this temperature, carboxylic acid groups begin to decompose, so, it 
leads degredation. 
 
 
 
Figure 4.19: TGA curve of PSf-g-PAA. 
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Hydrolyzed graft copolymer PSf-g-PAA is shown high ion conductivity compare to 
PSf and solvent in the Nyquist graph (Figure 4.20). As can be seen in the graphs, 
solvent is shown higher resistance than polymers, since axis demonstrated in graph 
resistance. Hydrolyzed graft copolymer is shown higher ion conductivity than others 
due to its lower resistance. 
 
 
Figure 4.20: Nyquist graph of PSf-g-PAA, Psf and DMF in EIS measurements. 
4.3 PVC Based Graft Copolymer 
4.3.1 Synthesis of Prop-2-ynyl-2-bromo-2-methylpropanoate 
Synthesis of acetyl functional initiator mechanism was shown in Figure 4.21. 
TEA
DCM, 0 oC
 
Figure 4.21: Synthesis of prop-2-ynyl 2-bromo-2-methylpropanoate. 
 
In 
1
H NMR sprctrum (Figure 4.22), via specific protons for acetyl functional initiator 
a and c peak areas was calculated and exact ratio was found as 1 to 6. The apperance 
of acetylenic peak at 2200 cm
-1 
in FT-IR was also proof that initiator has succesfully 
synthesized (Figure 4.23).  i.e, reaction was achived succesfully.  
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Figure 4.22: 
1
H NMR result of prop-2-ynyl-2-bromo-2-methylpropanoate. 
 
 
 
 
 
Figure 4.23: FT-IR result of prop-2-ynyl 2-bromo-2-methylpropanoate. 
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4.3.2 Synthesis of α-Alkyne Functionalized PtBA  
The synthesis of α-alkyne functionalized PtBA was shown via ATRP (Figure 4.24). 
 
O
O
Br
O
O
n
O
Br
O
O
+
THF, 60 oC, 6h CuBr, PMDETA
 
 
Figure 4.24: Synthesis of α-Alkyne functionalized PtBA. 
GPC result of α-alkyne functionalized PtBA in Figure 4.25, show that 
polymerization has succesfully occurred with low polydispersity and its molecular 
weight of polymer was measured as 1,780 g/mol as shown in Table 4.3. 
 
Figure 4.25: GPC result of α-Alkyne Functionalized PtBA. 
Table 4.3: Mn and PDI value of the samples. 
Sample Mn (g/mole) PDI 
PtBA 1,780 1.15 
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α-Alkyne functionalized PtBA‘s Tg is found 29.24 
o
C as shown in Figure 4.26. 
 
 
 
Figure 4.26: DSC thermogram of α-alkyne functionalized PtBA. 
 
NMR results of α-alkyne functionalized PtBA in figure 4.27 show that -CH2Br (c) 
protons and -CH2O- (b) protons ratios are matched as expected 1 to 2. The molecular 
weight of polymer and polymerization degree were calculated from 
1
H NMR and is 
found 2230 g/mol and 17, respectively. 
 
 
 
 
 
 
 
Figure 4.27: 
1
H NMR result of α-Alkyne Functionalized PtBA. 
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4.3.3 Azidation of PVC  
The azidation of PVC was illustrated in Figure 4.28. The azidation of PVC was 
proofed with appearance of sharp azide peak at 2102.2 cm
-1 
that can be seen in FT-IR 
spectrum (Figure 4.29). 
 
 
Figure 4.28: Azidation of PVC. 
 
 
 
Figure 4.29: FT-IR spectrum of PVC-N3. 
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4.4.4 Synthesis of PVC-g-PtBA 
 
To obtained PVC-g-PtBA, click reaction of PVC-N3 and alkyne-functional PtBA is 
demonstrated in Figure 4.30. The disappearence of azide peak at 2102.2 cm
-1
 is 
shown click reaction was achieved (Figure 4.31). Considering, The molecular weight 
was changed after click reaction that can be seen from Figure 4.32 and in Table 4.4.  
 
acetyl functionalized PtBA, CuBr, PMDETADMF, 65 oC, overnight
 
 
Figure 4.30: Synthesis of PVC-g-PtBA by click reaction. 
 
 
Figure 4.31: Overlay FT-IR graph of PVC-g-PtBA, PVC-N3, α-alkyne                                      
functionalized PtBA. 
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Figure 4.32: GPC result of PVC-g-PtBA: α-alkyne functionalized PtBA,PVC. 
Table 4.4: Mn and PDI value of PVC-g-PtBA. 
Sample Mn (g/mol) PDI 
PVC 77,079 1.88 
PtBA   1,780 1.15 
PVC-g-PtBA       160,121 1.39 
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5.  CONCLUSION 
Nowadays, the world need and search for alternative energy sources. Oil based 
energy sources pollute environment day by day. Because of it, some new renewable 
energy sources which are solar systems, wind energy, new generation batteries etc 
were started to replace of it. One of the most popular alternative aproach is used fuel-
cell and it is important part is the polymer electrolyte membrane. Today it has 
already using in electrical cars, laptop or phone batteries. Although, it still has some 
disadvantages,such as thermal strenght, chemical resistence, sensitive for impurities 
and so on. 
Because of this reason, in this study, PVC and  PSF was choosen as different 
backbone alternative because of their different alternatives. For instance, PVC is the 
third-most widely produced plastic, after polyethylene and polypropylene. Moreover, 
it is also widely used in construction industry due to low cost and stronger than more 
traditional alternatives such as copper or ductile iron. Polysulfone has high glass 
transition temperature and mechanical strenght. 
Firstly,  PSf is chlorometylated. Then,  PSf-Cl is modified with propargyl alcohol to 
observe a clicking groups on side-chain. After, PtBA was synthesized via ATRP to 
obtaine a well-defined pendant group. Using the advantage of ATRP, PtBA was 
synthesized with -Br end group. After reaction, with NaN3, -Br groups was turned 
into azide groups. After these steps, PtBA-N3 was grafted with acetylenic group onto 
PSf backbone via click reaction. At the end of the reaction, obtained graft copolymer 
(PSf-g-PtBA) was hydrolized to PSf-g-PAA and its ion conductivity measurement 
was investigated.  
Secondly, azidation reaction of PVC was carried out. Meanwhile, prop-2-ynyl-2-
bromo-2-methylpropanoate was synthesized as a initiator and used for the synthesis 
of α-alkynyl funtional PtBA by ATRP.  
Both reactions were characterized with 
1
H NMR, DSC, FT-IR and GPC instruments. 
At the end of the study,  PSF-g-PtBA and PVC-g-PtBA were hydrolized and PSF-g-
PAA and PVC-g-PAA were obtained. Ion conductivity of both graft copolymers 
were demonstrated. 
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